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ABSTRACT
Emergence of gravitational wave (GW) astronomy revived the interest in exploring the low frequency
GW spectrum inaccessible from the ground. Satellite GW observatory DECIGO in its original con-
figuration and the currently proposed smaller scale B-DECIGO are aimed to cover deci-Hertz part of
the GW spectrum, which fills the gap between LISA mili-Hertz and deca- to kilo-Hertz range probed
by ground-based detectors. In this paper we forecast the detection rates of inspiraling double compact
objects (DCOs) and the unresolved confusion noise from these sources in DECIGO and B-DECIGO.
In the context of DECIGO we use, for the first time, the population synthesis intrinsic inspiral rates
of NS-NS, BH-NS and BH-BH systems. We also estimate the expected gravitational lensing rates
of such sources for DECIGO and B-DECIGO. The result is that yearly detection of DCOs inspirals
for the DECIGO is of order of 104 − 105, while for a much smaller scale B-DECIGO they are about
102−104 depending on the DCO population considered. Taking into account that considerable part of
these events would be detectable by ground-based GW observatories the added value of DECIGO/B-
DECIGO could be substantial. DECIGO will also be able to register 5 − 50 lensed NS-NS inspirals
and up to O(100) BH-BH inspirals. On the contrary, predictions for the B-DECIGO are pessimistic:
only the optimistic common envelope scenario of DCO formation could yield a few lensed BH-BH
inspirals per year. We also address the question of the magnification bias in the GW event catalogs
of DECIGO and B-DECIGO.
Keywords: Gravitational lensing, Gravitational waves: sources
1. INTRODUCTION
First laboratory detections of gravitational waves
(GWs) on Earth (Abbott et al. 2016) opened up a new
branch of science – GW astronomy. Continuing efforts of
LIGO/Virgo team currently conducting the third obser-
vational run O3 brought numerous detections of binary
black hole (BH-BH) mergers (Abbott et al. 2019a), prob-
ably the first mixed black hole - neutron star (BH-NS)
merger Abbott et al. (2020) and the first detection of
binary neutron star (NS-NS) coalescence (Abbott et al.
2017a). The NS-NS merger was accompanied by identi-
fication of its electromagnetic (EM) counterpart and its
afterglow was followed up at different EM wavelengths
(Goldstein et al. 2017; Coulter et al. 2017). This ob-
servation moved multimessenger astronomy to the next
level. Besides the tests of general relativity and modified
gravity theories (Abbott et al. 2019b), strong bounds on
the speed of GWs (Abbott et al. 2017b), GW astronomy
has proven that (almost) all classes of double compact
objects (DCOs): NS-NS, BH-NS, BH-BH really exist in
Nature. The event GW190425 is marginally compatible
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with NS-NS merger, so the existence of BH-NS systems
still needs to be empirically proven. It is likely that this
will happen soon.
Successful operation of ground-based interferometric
detectors revived the interest in broadening the GW
spectrum to lower frequencies (lower than 1 Hz) funda-
mentally inaccessible from the ground due to irremovable
seismic noise. In particular, LISA was proposed (Amaro-
Seoane et al. 2017) as a new generation space mission
with a robust strain sensitivity level at frequencies be-
tween 0.1 mHz and 100 mHz over a science lifetime of
at least 4 years. The technology behind LISA, an ESA-
led mission expected to be launched by 2034, has been
recently tested by the LISA Pathfinder experiment with
outstanding results (Armano et al. 2016). The remain-
ing decihertz band is the target of the DECihertz Inter-
ferometer Gravitational wave Observatory (DECIGO), a
planned Japanese space-borne GW detector (Kawamura
et al. 2019). Original DECIGO (Seto et al. 2001) or cur-
rently proposed smaller-scale version B-DECIGO (Sato
et al. 2017) are aimed to cover the low-frequency band ex-
tending from the mHz to 100 Hz range. DECIGO would
be able to detect inspiralling DCO — main targets to
LIGO/Virgo, KAGRA or next generation ET, long time
(weeks to years) before they enter the hectohertz band
accessible from the ground. Moreover, the overlap with
ground based GW detectors sensitivity bands is very ad-
vantageous since the joint detection with DECIGO and
ground based detectors (e.g. ET) would greatly improve
the parameter estimation of the binaries.
Reach of the DECIGO will be considerably higher
than the next generation of ground based interferomet-
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ric detectors, like the ET. With much higher volume
probed, one may expect that non-negligible number of
GW signals from coalescing DCOs would be gravitation-
ally lensed. Gravitational lensing statistics and magnifi-
cation cross-sections by galaxies has been discussed e.g.
in Zhu & Wu (1997); Zhu (1998). Rates of GW lens-
ing for LIGO/Virgo have been calculated in Ng et al.
(2017) and for the ET in Pio´rkowska et al. (2013); Biesi-
ada et al. (2014); Ding et al. (2015); Li et al. (2018);
Oguri (2019); Yang et al. (2019), respectively. The ro-
bust prediction is that the third generation of GW in-
terferometric detectors would yield 50 - 100 lensed GW
events per year. Strongly lensed GW signals, observed
together with their electromagnetic (EM) counterparts,
have been demonstrated to enhance our understanding
regarding fundamental physics Fan et al. (2017); Collett
& Bacon (2017); Cao et al. (2019), dark matter Liao et
al. (2018), and cosmology Sereno et al. (2010, 2011); Tay-
lor & Gair (2012); Liao et al. (2017); Wei & Wu (2017).
Gravitational lensing of GWs has been widely discussed
concerning diffraction effects in lensed GW events Liao
et al. (2019); Takahashi & Nakamura (2003); Nakamura
(1998), the waveform distortion caused by the gravita-
tional lensing Cao et al. (2014), the influence on the sta-
tistical signatures of black hole mergers Dai et al. (2017).
In this paper we make predictions concerning gravita-
tional lensing of GW signals detectable by the DECIGO.
2. GW BACKGROUND NOISE FROM DCO SYSTEMS
We start with the assessment of the background noise
created by unresolved DCO systems. In next sections we
will discuss the detection rate of such inspiraling systems
and their lensing rate by foreground galaxies. In all these
considerations one needs the detector’s sensitivity curve
and intrinsic DCO merger rates as input. We will discuss
these issues below.
2.1. DECIGO sensitivity
DECIGO will be composed of four units of detectors.
Each unit is planned to contain three drag-free space-
crafts to form a nearly regular triangle. These four units
will be tilted 60◦ inwards relative to the ecliptic plane to
keep its arm lengths nearly constant, and move around
the sun with the orbital period of 1 yr. Centers of the
triangular configuration of the units will form an equilat-
eral triangle. The fourth one will be anchored to one of
the units rotated 180◦ to form a Star of David configu-
ration. Details concerning the DECIGO design could be
found in Yagi & Seto (2011)
For the reference design parameters of DECIGO, one
can prove (Yagi & Seto 2011) that a single triangular de-
tector unit is equivalent to two L-shaped interferometers
rotated by 45◦. Their noises are uncorrelated and the
noise spectrum of such an effective L-shaped DECIGO is
given by
Sh(f) =10
−48 ×
[
7.05
(
1 +
f2
f2p
)
+ 4.80× 10−3×
f−4
1 +
(
f
fp
)2 + 5.33× 10−4f−4
]
Hz−1 (1)
where fp = 7.36 Hz.
The original DECIGO mission concept was proposed
in 2001 by Seto et al. (2001). What now seems more re-
alistic to be commissioned in the near future is a scaled
smaller project called B-DECIGO. It will consist of three
satellites in a 100 km equilateral triangle, having sun-
synchronous dusk-dawn circular orbits 2000 km above
the Earth Sato et al. (2017); Nakamura et al. (2016).
With B-DECIGO operating, we will soon probe the deci-
hertz window for the first time, completing the full grav-
itational spectrum. Therefore we extend our predictions
to the B-DECIGO. We use the noise power spectrum
density Sh(f) for B-DECIGO proposed by Nakamura et
al. (2016); Isoyama et al. (2018)
Sh(f) =10
−46 × [4.040 + 6.399× 10−2f−4
+ 6.399× 10−3f2] Hz−1 (2)
2.2. DCO merger rate from the population synthesis
Previous predictions concerning DECIGO (Yagi &
Seto 2011; Yagi 2013) used an analytical approximation
of the NS-NS merger rate as a function of redshift up to
redshift z = 5. Moreover, they did not assess the BH-
BH or BH-NS rates precisely. In this paper, we use the
values of the intrinsic inspiral rates n˙0(zs) forecasted by
Dominik et al. (2013) for each type of DCO at redshift
slices spanning the range of z ∈ [0.04; 17]. The paper of
Dominik et al. (2013) contains the results of detailed pop-
ulation synthesis calculations performed with StarTrack
evolutionary code (Belczyn´ski et al. 2002). The code is
based on well motivated assumptions about star forma-
tion rate, galaxy mass distribution, stellar populations,
their metallicities and galaxy metallicity evolution with
redshift (“low-end” and “high-end” cases), and enables
evolving binary systems from ZAMS until the compact
binary formation (after supernova explosions). Because
the compact object formation depends on the physics of
common envelope (CE) phase of evolution and on SN
explosion mechanism and both of them are to some de-
gree uncertain, Dominik et al. (2013) considered four sce-
narios: standard one – based on conservative assump-
tions and three of its modifications — Optimistic Com-
mon Envelope (OCE), delayed SN explosion and high
BH kicks scenario. Common envelope phase is a cru-
cial phase of binary evolution from the point of view of
DCO formation. The OCE scenario assumes that bina-
ries with Hertzsprung Gap donor stars will lead to DCO
formation. Standard scenario makes use of the so called
“rapid” convection driven neutrino enhanced SN explo-
sion mechanism. However, if this convection driven neu-
trino enhanced engine originates from the standing ac-
cretion shock instability, the explosion is delayed, which
underlies the “delayed SN” scenario. The main effect
of this scenario is the modification of DCO mass spec-
trum. The last issue is that of the natal kicks, which
are observationally supported in the case of NS. Natal
kicks could be able to disrupt the binary preventing DCO
formation. Standard scenario makes a conservative as-
sumption that the velocity of the natal kick is reduced by
some factor related to possible fallback of some amount
of matter to the newborn compact object. “High BH
kicks” scenario assumes that newborn compact object re-
ceives the full kick. For more details, see (Dominik et al.
2013) and references therein. We use the data available
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at http:www.syntheticuniverse.org, more specifically
the so called “rest frame rates” in cosmological scenario.
For the purpose of our calculations we assume the fol-
lowing values of the chirp masses of DCOs: 1.22 M for
NS-NS, 3.2 M for BH-NS and 6.7 M for BH-BH sys-
tems. According to Dominik et al. (2012), these values
represent average chirp mass for each category of DCO
simulated by population synthesis. Moreover, in order
to comply with the assumptions underlying population
synthesis simulation, we assume flat ΛCDM cosmology
with H0 = 70 kms
−1Mpc−1 and Ωm = 0.3.
2.3. GW background from unresolved DCO systems
Magnitude of a stochastic GW background is usually
characterized by its fractional energy density per loga-
rithmic frequency interval
ΩGW =
1
ρcr
dρGW
d ln f
(3)
where ρcr = 3H
2
0/8piG is the critical energy density of
the Universe.
According to Phinney (2001) one can conveniently cal-
culate the energy density parameter ΩDCOGW correspond-
ing to the unresolved signals from the DCO systems, as
ΩDCOGW =
8pi5/3
9c2H20
(GM)5/3f2/3
∫ ∞
0
n˙(z)
(1 + z)4/3H(z)
dz
(4)
where M is the chirp mass of the DCO system (i.e. NS-
NS, BH-NS or BH-BH binary), n˙(z) is the DCO merger
rate per proper time per comoving volume at redshift
z, and the Hubble parameter H(z) is given by H(z)2 =
H20 [Ωm(1 + z)
3 + 1 − Ωm]. Calculating numerically the
integral in Eq. (4) one obtains
ΩDCOGW =Ω
DCO
0
(
H0
70 kms−1Mpc−1
)−3
×( M
MDCO
)5/3(
f
1Hz
)2/3 (5)
whereMDCO is the median value of the DCO considered,
i.e. (MNSNS ;MBHNS ;MBHBH) = (1.22; 3.2; 6.7) M
and values of ΩDCO0 coefficients are reported in Table 1.
In order to compare with the detector’s noise power
spectrum the normalized energy density ΩDCOGW should
be expressed as the total sky-averaged GW foreground
spectrum
SGW,DCOh =
4
pi
f−3ρcrΩDCOGW (6)
The foreground spectrum of three DCO populations im-
posed on the DECIGO sensitivity curve is shown in Fig-
ure 1. Let us note that B-DECIGO will not be contami-
nated from the unresolved DCO systems, yet the events
like those detected by LIGO/Virgo will be detectable en-
abling their discovery and study long before they will
enter the ground-based detectors sensitivity band.
3. DETECTION RATE FOR UNLENSED EVENTS
Matched filtering signal-to-noise ratio for a single de-
tector reads (Taylor & Gair 2012)
ρ = 8Θ
r0
dL(zs)
( Mz
1.2 M
)5/6√
ζ(fmax) (7)
f [Hz]
Sh
(f)
^1
/2 
[H
z^
(−1
/2)
]
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Figure 1. Confusion noise due to DCO systems: NS-NS (ma-
genta), BH-NS (green) and BH-BH (brown) superimposed on the
noise spectrum density for DECIGO (red) and B-DECIGO (black).
Orange dotted and dashed lines show the effective squared spec-
trum density corresponding to GW150914 and GW170817 respec-
tively.
where dL is the luminosity distance to the source, Θ is the
orientation factor capturing part of sensitivity pattern
due to (usually non-optimal) random relative orientation
of DCO system with respect to the detector (more details
below). Zeta parameter capturing the overlap between
the signal and the detector’s sensitivity band width is
defined as
ζ(fmax) =
1
x7/3
∫ 2fmax
0
df (piM)2
(pifM)7/3Sh(f)
where 2fmax is the wave frequency at which the inspi-
ral detection template ends. We assume ζ(fmax) = 1,
because DCO inspiralling systems studied here will pass
the sensitivity band of DECIGO or B-DECIGO. Our as-
sumption is based on actual calculations, which verified
it to be true with accuracy of 10−4.
By r0 we denote the detector’s characteristic distance
parameter, which can be estimated according to
r20 =
5
192pi4/3
(
3
20
)5/3
(GM)5/3
c3
f7/3
where
f7/3 =
∫ ∞
0
[
f7/3Sh(f)
]−1
df
Using DECIGO sensitivity Eq. (1) one gets
r0 = 6709 Mpc.
Similarly, from the B-DECIGO sensitivity given by
Eq. (2) one obtains r0 = 535 Mpc., meaning that B-
DECIGO will be able to probe about a 1000 times smaller
volume than DECIGO.
The orientation factor Θ is defined as
Θ = 2[F 2+(1 + cos
2 ι)2 + 4F 2× cos
2 ι]1/2 (8)
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where F+ =
1
2 (1+cos
2 θ) cos 2φ cos 2ψ−cos θ sin 2φ sin 2ψ
and F× = 12 (1 + cos
2 θ) cos 2φ sin 2ψ + cos θ sin 2φ cos 2ψ
are the interferometer strain responses to different po-
larizations of gravitational wave. The angles (θ, φ) de-
scribe orientation (polar angles) of direction to the source
with respect to the detector plane, (ψ, ι) are the an-
gles describing DCO orbit orientation with respect to
the plane tangent to the celestial sphere at source loca-
tion (so called polarization angle and inclination). The
above formulae for F+/× are for just one L-shaped de-
tector FI;+/× for the second one it would be FII;+/× =
FI,+/×(θ, φ− pi/4, ψ, ι).
Probability distribution for Θ calculated under as-
sumption of uncorrelated orientation angles (θ, φ, ψ, ι) is
known to be of the following form
PΘ(Θ) = 5Θ(4−Θ)3/256, if 0 < Θ < 4 (9)
PΘ(Θ) = 0, otherwise
The yearly detection rate of DCO sources originating
at redshift zs and producing the signal with SNR exceed-
ing the detector’s threshold ρ0 = 8 (assumption made in
previous DECIGO studies (Yagi & Seto 2011; Isoyama
et al. 2018)) can be expressed as
N˙(> ρ0|zs) =
∫ zs
0
dN˙(> ρ0)
dz
dz (10)
where
dN˙(> ρ0)
dzs
= 4pi
(
c
H0
)3
n˙0(zs)
1 + zs
r˜2(zs)
E(zs)
CΘ(x(zs, ρ0))
(11)
is the rate at which we observe the inspiral DCO events
(sources) that originate in the redshift interval [z, z+dz].
In Eq. (11) n˙0(zs) denotes intrinsic coalescence rate in
the local Universe at redshift zs, CΘ(x) =
∫∞
x
PΘ(Θ)dΘ
and x(z, ρ) = ρ8 (1 + z)
1/6 c
H0
r˜(z)
r0
(
1.2 M
M0
)5/6
.
Here, and throughout this paper we use the values of
inspiral rates n˙0(zs) obtained with StarTrack evolution-
ary code. The results are summarized in Table 2. Prob-
ability density of DCO inspiral events as a function of
redshift is shown in Fig 2. Similar predictions for the
B-DECIGO are given in Table 3. One can see that even
though B-DECIGO is considerably smaller scale enter-
prize, it would be able to register hundreds of NS-NS
inspirals and thousands of BH-BH inspirals per year.
4. LENSED GW SIGNALS STATISTICS
Concerning gravitational lensing we adopt the same
approach as in our previous papers (Pio´rkowska et al.
2013; Biesiada et al. 2014; Ding et al. 2015), i.e. we as-
sume conservatively that the population of lenses com-
prise only elliptical galaxies. Therefore, we will model
the lenses as singular isothermal spheres (SIS) which is
a good approximation of early type galaxies (Koopmans
et al. 2009). Characteristic angular scale of lensing phe-
nomenon is set by the Einstein radius, which for the SIS
model reads θE = 4pi
(
σ
c
)2 dA(zl,zs)
dA(zs)
, where σ is the ve-
locity dispersion of stars in lensing galaxy, dA(zl, zs) and
dA(zs) are angular diameter distances between the lens
and the source and to the source, respectively (Cao et
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Figure 2. Probability density of DCO inspiral events as a function
of redshift for the DECIGO. Different colors refer to different sce-
narios: black – standard, blue – OCE, green – delayed SN, magenta
– high BH kicks. Solid line corresponds to the low-end metallicity
evolution, dashed line – high-end metallicity.
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Table 1
Numerical factors ΩDCO0 in the Eq. (5) for different classes of DCO systems under different evolutionary scenarios, assuming “low-end”
and “high-end” metallicity evolution.
ΩDCO0 × 10−12
Evolutionary scenario standard optimistic delayed SN high BH kicks
NS-NS
low-end metallicity 1.33 10.26 1.51 1.34
high-end metallicity 2.17 9.95 2.44 2.14
BH-NS
low-end metallicity 2.37 6.43 1.28 2.34
high-end metallicity 1.40 4.89 0.76 0.16
BH-BH
low-end metallicity 63.90 343.69 49.29 2.41
high-end metallicity 42.48 233.44 30.23 1.57
Table 2
Yearly detection rate of inspiralling DCOs of different classes under different evolutionary scenarios, assuming “low-end” and “high-end”
metallicity evolution. Predictions for the DECIGO.
Yearly detection rate standard optimistic CE delayed SN high BH kicks
N˙(> ρ0) [yr−1] for NS-NS
low-end metallicity 27573.2 326220.6 30469.4 28036.9
high-end metallicity 40514.7 309561.2 45400.9 42034.9
N˙(> ρ0) [yr−1] for BH-NS
low-end metallicity 25629.6 49393.8 13072.0 2673.7
high-end metallicity 18534.5 43165.3 9719.3 2155.7
N˙(> ρ0) [yr−1] for BH-BH
low-end metallicity 353305.4 1137125.0 286116.6 20840.9
high-end metallicity 263272.6 955313.4 212626.4 15561.3
N˙(> ρ0) [yr−1] for total
low-end metallicity 406508.2 1512739.4 329658.0 51551.5
high-end metallicity 322321.8 1308039.9 267746.6 59751.9
Table 3
Yearly detection rate of inspiralling DCOs of different classes under different evolutionary scenarios, assuming “low-end” and “high-end”
metallicity evolution. Predictions for B-DECIGO.
Yearly detection rate standard optimistic CE delayed SN high BH kicks
N˙(> ρ0) [yr−1] for NS-NS
low-end metallicity 136.4 394.4 154.3 129.4
high-end metallicity 159.1 448.7 179.2 147.6
N˙(> ρ0) [yr−1] for BH-NS
low-end metallicity 183.5 801.5 119.0 17.0
high-end metallicity 102.6 572.9 54.0 8.9
N˙(> ρ0) [yr−1] for BH-BH
low-end metallicity 9473.2 76548.7 7236.5 192.3
high-end metallicity 5476.7 46748.3 3485.2 100.7
N˙(> ρ0) [yr−1] for total
low-end metallicity 9793.1 77780.6 7509.8 338.7
high-end metallicity 5738.4 47769.9 3718.4 257.2
al. 2012, 2015). It is convenient to use the Einstein ra-
dius as a unit and convert the angular distance of the
image (w.r.t. the center of the lens) θ or the angular
position of the source β to respective dimensionless pa-
rameters x = θθE , y =
β
θE
. Then the necessary condi-
tion for strong lensing (appearance of multiple images)
is y < 1. Images (brighter I+ and fainter one I− ) form
at locations x± = 1± y with magnifications µ± = 1y ± 1.
Hence, the gravitationally lensed GW signal would come
from these two images with appropriate relative time de-
lay ∆t = ∆t0(σ, zl, zs)y (for details see (Pio´rkowska et al.
2013; Biesiada et al. 2014)) and with different amplitudes
h± =
√
µ± h(t) =
√
1
y ± 1 h(t) where h(t) denotes the
intrinsic amplitude (i.e. the one which would have been
observed without lensing). Analogous relations are valid
for the SNR parameter ρ. Assuming the threshold SNR
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for detection ρ0 = 8, one can observe lensed images (of
the source with an intrinsic SNR equal to ρintr.) if the
misalignment of the source with respect to the optical
axis of the lens satisfies
y± ≤ y±,max =
[(
8
ρintr.
)2
∓ 1
]−1
(12)
The condition of ρ > 8 for the I+ and I− image sepa-
rately influence the elementary cross section for lensing
(see e.g.(Pio´rkowska et al. 2013))
Scr,±(σ, zl, zs, ρ) =piθ2Ey
2
±,max
=16pi3
(σ
c
)4( r˜ls
r˜s
)2
y2±,max
(13)
which is necessary to calculate optical depth for lensing
leading to magnifications of I+ and I− images above the
threshold
τ±(zs, ρ) =
1
4pi
∫ zs
0
dzl
∫ ∞
0
dσ 4pi
(
c
H0
)3
×
r˜2l
E(zl)
Scr,±(σ, zl, zs)
dn
dσ
(14)
In analogy to our previous papers, (Pio´rkowska et
al. 2013; Biesiada et al. 2014; Ding et al. 2015), we
model the velocity dispersion distribution in the popula-
tion of lensing galaxies as a modified Schechter function
dn
dσ = n∗
(
σ
σ∗
)α
exp
(
−
(
σ
σ∗
)β)
β
Γ(αβ )
1
σ with parameters
n∗,σ∗,α and β taken after Choi, Park & Vogeley (2007).
The choice of this particular model, despite the existence
of more recent data on velocity dispersion distribution
functions is motivated by its best representing the pure
elliptical galaxy population in agreement with our model
assumption (Biesiada et al. 2014).
In order to confirm the detection of a lensed GW source
the fainter image should have SNR higher than thresh-
old, so the misalignment must not exceed the limiting
value given by Eq. (12). This influences the elementary
cross-section Eq. (13) and further propagates into formu-
lae for optical depth for lensing. In particular differential
(with respect to the lens redshift) optical depth for lens-
ing reads
dτ±
dzl
= 16pi3
(
c
H0
)3
r˜2lsr˜
2
l
r˜2sE(zl)
y2±,maxn∗
(σ∗
c
)4 Γ( 4+αβ )
Γ
(
α
β
)
(15)
and the total optical depth is
τ± =
16
30
pi3
(
c
H0
)3
r˜3s
(σ∗
c
)4
n∗
Γ
(
4+α
β
)
Γ
(
α
β
) y2±,max (16)
The above formulae are valid only in the case of a con-
tinuous search. If instead the survey has a finite duration
Tsurv some of the events, i.e. those whose signals come
near the beginning or the end of the survey, would be lost
because of lensing time delay. In other words we would
register the signal from just one image and cannot tell
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Figure 3. Differential lensing rate 1
N˙lensed
dN˙lensed
dz
(as a function
of source redshift) of DCO inspiralling binaries for two different
evolutionary scenarios. Black line is for the standard scenario, blue
one – for the optimistic CE. Low-end metallicity evolution scenario
assumed. Predictions for the DECIGO.
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Table 4
Expected numbers of lensed GW events from inspiralling DCOs of different classes under different evolutionary scenarios, assuming
“low-end” and “high-end” metallicity evolution. Predictions for the DECIGO.
Evolutionary scenario standard optimistic CE delayed SN high BH kicks
Tsurv (1yr; 4yrs;10yrs) (1yr; 4yrs;10yrs) (1yr; 4yrs;continuous) (1yr; 4yrs;10yrs)
NS-NS
low-end metallicity (5.2; 6.1; 6.3) (46.8; 53.4; 54.7) (5.5; 6.4; 6.6) (5.2; 6.1; 6.3)
high-end metallicity (5.2; 6.0; 6.2) (49.5; 56.7; 58.2) (5.7; 6.5; 6.7) (5.4; 6.2; 6.4)
BH-NS
low-end metallicity (4.8; 5.5; 5.7) (7.4; 8.5; 8.7) (2.3; 2.6; 2.7) (0.6; 0.6; 0.7)
high-end metallicity (4.3; 5.0; 5.1) (7.7; 8.8; 9.0) (2.1; 2.4; 2.5) (0.5; 0.6; 0.6)
BH-BH
low-end metallicity (114.5; 136.1; 140.5) (261.1; 305.4; 314.2) (97.5; 116.2; 119.9) (8.7; 10.5; 10.8)
high-end metallicity (97.1; 116.1; 119.9) (249.1; 292.9; 301.7) (81.9; 98.2; 101.5) (7.1; 8.6; 8.9)
TOTAL
low-end metallicity (130.1; 156.2; 162.7) (325.7; 383.3; 397.7) (110.2; 132.7; 138.3) (15.0; 18.0; 18.8)
high-end metallicity (111.7; 134.8; 140.6) (316.9; 374.8; 389.2) (94.2; 113.9; 118.8) (13.4; 16.1; 16.7)
Table 5
Expected numbers of lensed GW events from inspiralling DCOs of different classes under different evolutionary scenarios, assuming
“low-end” and “high-end” metallicity evolution. Predictions for the B-DECIGO.
Evolutionary scenario standard optimistic CE delayed SN high BH kicks
Tsurv 4yrs 4yrs 4yrs 4yrs
NS-NS
low-end metallicity 0.0001 0.0004 0.0001 0.0001
high-end metallicity 0.0002 0.0004 0.0002 0.0001
BH-NS
low-end metallicity 0.002 0.01 0.001 0.0001
high-end metallicity 0.001 0.01 0.001 0.0001
BH-BH
low-end metallicity 0.6 3.7 0.4 0.01
high-end metallicity 0.3 2.5 0.2 0.01
that in fact the event was lensed. Such a case can be
handled by a proper correction to (15) or (14), e.g.,
τ∆t,± = τ
1− 1
7
Γ
(
α+8
β
)
Γ
(
α+4
β
)∆t∗,±
Tsurv
 (17)
where ∆t∗,± = 32pi
2
H0
r˜s
(
σ∗
c
)4
y±,max (for detailed calcu-
lations see Pio´rkowska et al. (2013)). These corrections
are particularly important because the DECIGO and B-
DECIGO missions are planned for Tsurv = 4 yr. We
present predictions for the first year of operation and
for the total 4 yrs of nominal duration. However, like
LISA, the DECIGO could finally be designed with con-
sumables and orbital stability to facilitate mission up to
10 yrs in duration. Therefore, we report the predictions
for Tsurv = 10 yr as well.
We start with a conservative assumption that the
lensed system is intrinsically loud enough to exceed the
detector’s threshold ρ0 = 8. and we assume that the
fainter image exceeds the threshold. This means that
we only consider ymax = y−,max = 0.5, according to
Eq. (12).
Cumulative yearly detection of lensed events up to the
source redshift zs can be calculated as
N˙lensed(zs) =
∫ zs
0
τ∆t(zs, ymax, Tsurv)
dN˙(> ρ0)
dz
dz
(18)
The results are shown in Table 4. In Fig. 3 normalized
differential lensing rate (as a function of redshift) is dis-
played. One can see that DECIGO in its original design
would be able to register 5−6 strongly lensed NS-NS (or
BH-NS) systems, which could be accompanied by the EM
counterpart during their final merger phase detectable
by ground based interferometric detectors. These are
the most promising lensed sources enabling e.g precise
cosmological inference (Liao et al. 2017) or probing dark
matter substructure in lensing galaxies (Liao et al. 2018).
Much more, i.e. about 100 lensed inspirals could be seen
from the BH-BH binary systems. On the other hand
lensing statistics forecasts for the DECIGO are very pes-
simistic – only within the optimistic CE scenario of DCO
formation one could have hope of registering a few lensed
BH-BH inspirals.
5. CONCLUSIONS
In this paper we have made the predictions of yearly
detection rates of GW signals from the DCO inspirals
detectable in the future decihertz space-borne detectors
DECIGO and its smaller scale version B-DECIGO. All
previous papers concerning DECIGO used only analyt-
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ical estimates of NS-NS merger rates up to z = 5.
In our calculations, we have used for the first time
the StarTrack population synthesis results concerning
intrinsic merger rates at different redshifts of distinct
classes of DCO systems: NS-NS, BH-NS and BH-BH
binaries. We have also estimated the stochastic noise
levels due to unresolved DCO systems. The conclusion
is that DECIGO would be significantly contaminated by
BH-BH binary systems, while the level of this stochastic
noise component is not relevant for B-DECIGO. Con-
cerning the DCO yearly detection rate its order of mag-
nitude ranges from 104 for NS-NS and BH-NS systems
to 105 for BH-BH systems in DECIGO. Respective rates
for the B-DECIGO are 102 (NS-NS or BH-NS) and 103
(BH-BH).
The detector’s distance parameter r0 for the DECIGO
is about 4 times bigger than for the ET, meaning that
DECIGO will probe 64 times bigger volume than the
next generation of ground based detectors. Hence, we ad-
dressed the issue of gravitationally lensed DCO inspirals
observable by the DECIGO. For the completness of dis-
cussion we considered B-DECIGO as well, even though
B-DECIGO’s r0 is about 3 times smaller than for the
ET. Our basic assessment was performed under assump-
tion that the GW source is intrinsically loud (i.e. would
be detectable without lensing). The result is that DE-
CIGO will also be able to register 5 − 50 lensed NS-NS
inspirals and up to O(100) BH-BH inspirals. On the
contrary, predictions for the B-DECIGO are pessimistic:
only the optimistic common envelope scenario of DCO
formation could result with a few of lensed BH-BH in-
spirals per year. In the appendix we enrich our discussion
relaxing the ρintr. ≥ 8 assumption and consider intrinsi-
cally faint signals, i.e. those being detectable exclusively
due to lensing magnification. Such inclusion of lensing
magnification would significantly enlarge the statistics
of lensed events with intrinsic SNR ρintr. ≥ 8 for both
DECIGO and B-DECIGO. The appendix also addresses
the question of the magnification bias in the full inspiral
GW event catalogs of DECIGO and B-DECIGO. One
finds out that the magnification bias is of the order of
10−3 − 10−4, which means that the cosmological infer-
ences drawn from these catalogs would not be affected
very much.
Let us stress that DECIGO and B-DECIGO would be
able to register inspiral signals from the DCOs years be-
fore they enter the high frequency band of ground-based
detectors to finally end their lives in energetic merg-
ers. Having in mind this circumstance and the benefits
that are expected from registering lensed GW (especially
those accompanied by the EM signals) one would expect
that DECIGO’s detections of lensed GW signals could
trigger a concerted efforts for searching strong lenses in
the EM domain at possible locations suggested by the
DECIGO. This would be very profitable in many as-
pects, in particular for identifying the host galaxy be-
fore the merger and despite of no bright EM counterpart
as it was the case to the BH-BH mergers registered so
far. However, unlike the ground-based detector where
one registers a transient event, DECIGO would observe
lensed events in an adiabatic inspiral phase as two (or
more) unresolved images, likely producing interference
patterns in the waveforms. This is besides the scope of
the present paper which focused only on the statistics of
GW lensing and will be the subject of a separate study.
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APPENDIX - LENSING OF INTRINSICALLY FAINT GW
SOURCES
Gravitational lensing magnifies the lensed images of
the source. Therefore, one can relax the assumption that
sources should be intrinsically loud enough to be detected
without lensing and treat their signal to noise parameter
ρ as a free one. In such a case one would get estimates
for the population of DCO systems detectable exclusively
due to gravitational lensing. In other words this would
provide forecasts for magnification bias in the catalog of
lensed DCO inspirals. We will follow the strategy used
in Ding et al. (2015) in the case of the ET. Therefore,
instead of Eq. (11) we have to start with the differential
inspiral rate per redshift and per SNR parameter ρ
∂2N˙
∂zs∂ρ
= 4pi
(
c
H0
)3
n˙0(zs)
1 + zs
r˜2(zs)
E(zs)
PΘ(x(zs, ρ))
x(zs, ρ)
ρ
(19)
then one should calculate cross-sections Scr,± and optical
depths τ± for lensing separately for each image I+ or I−.
The final result will be the lensing rate of intrinsically
faint (ρ < ρ0) DCOs having I+ or I− images magnified
above the threshold ρ0
N˙lensed,± =
∫ zmax
0
dzs
∫ ρ0
0
τ∆t,±(zs, ρ)
∂2N˙
∂zs∂ρ
dρ (20)
or differential lensing rates with respect to ρ or zs re-
spectively
dN˙lensed,±
dρ
=
∫ zmax
0
τ∆t,±(zs, ρ)
∂2N˙
∂zs∂ρ
dzs (21)
dN˙lensed,±
dzs
=
∫ ρ0
0
τ∆t,±(zs, ρ)
∂2N˙
∂zs∂ρ
dρ (22)
Table 6 contains the results of predicted intrinsically
faint lensed GW events for which the the I− image is
magnified above threshold ρ0 = 8 for DECIGO, and
Table 7 is for B-DECIGO. As one can see, inclusion of
lensing magnification of intrinsically faint events would
significantly enlarge the statistics of lensed events with
intrinsic SNR ρintr ≥ 8 (see Tab. 4 and Tab. 5). This
conclusion is true both for DECIGO and B-DECIGO.
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Table 6
Expected numbers of lensed GW events observed by DECIGO with ρintr < 8 for which the I− image is magnified above threshold ρ0 = 8.
We also assumed the continuous survey, which in practice means that its duration is longer than 5 years. Nomenclature of DCO
formation scenarios and galaxy metallicity evolution follows that of Dominik et al. (2013).
Evolutionary scenario standard optimistic CE delayed SN high BH kicks
Tsurv (4yrs;continuous) (4yrs;continuous) (4yrs;continuous) (4yrs;continuous)
NS-NS
low-end metallicity (3.5;3.6) (18.8;19.5) (3.5;3.7) (3.5;3.6)
high-end metallicity (3.1;3.3) (21.3;22.1) (3.3;3.4) (3.2;3.3)
BH-NS
low-end metallicity (0.4;0.4) (0.6;0.6) (0.2;0.2) (0.05;0.05)
high-end metallicity (0.4;0.4) (0.6;0.7) (0.2;0.2) (0.05;0.06)
BH-BH
low-end metallicity (4.6;4.9) (8.6;8.9) (4.1;4.3) (0.4;0.4)
high-end metallicity (4.2;4.4) (8.8;9.1) (3.7;3.9) (0.4;0.4)
TOTAL
low-end metallicity (8.5;8.9) (28.0;29.0) (7.8;8.2) (3.6;4.1)
high-end metallicity (7.7;8.1) (30.7;31.9) (7.3;7.5) (3.7;3.8)
Table 7
Expected numbers of lensed GW events observed by B-DECIGO with ρintr < 8 for which the I− image is magnified above threshold
ρ0 = 8. We also assumed the continuous survey, which in practice means that its duration is longer than 5 years. Nomenclature of DCO
formation scenarios and galaxy metallicity evolution follows that of Dominik et al. (2013).
Evolutionary scenario standard optimistic CE delayed SN high BH kicks
Tsurv (4yrs;10yrs) (4yrs;10yrs) (4yrs;10yrs) (4yrs;10yrs)
NS-NS
low-end metallicity (0.01;0.01) (0.1;0.2) (0.01;0.01) (0.01;0.01)
high-end metallicity (0.02;0.02) (0.1;0.1) (0.02;0.02) (0.02;0.02)
BH-NS
low-end metallicity (0.1;0.1) (0.2;0.3) (0.07;0.07) (0.01;0.01)
high-end metallicity (0.9;0.9) (0.2;0.2) (0.05;0.05) (0.01;0.01)
BH-BH
low-end metallicity (9.0;9.1) (28.3;28.9) (7.2;7.3) (0.5;0.5)
high-end metallicity (6.5;6.7) (24.3;24.8) (5.2;5.3) (0.4;0.4)
TOTAL
low-end metallicity (9.1;9.2) (28.6;29.4) (7.3;7.4) (0.5;0.5)
high-end metallicity (7.4;7.6) (24.6;25.1) (5.3;5.4) (0.4;0.4)
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Figure 4. The normalized differential yearly detection rates
1
N˙
∂N˙
∂ρ
v.s. the intrinsic SNR ρ. “Low-end” metalicity galaxy evo-
lution and the standard model of DCO formation are assumed.
The normalized differential yearly detection rates
1
N˙
∂N˙
∂ρ of lensed events as functions of the intrinsic SNR
ρ for various types of DCOs to be observed by DECIGO
and B-DECIGO are displayed in Fig. 4.
Figure 5 shows the normalized differential yearly de-
tection rates 1
N˙
∂N˙
∂zs
of lensed events as functions of the
source redshift zs. The top panel illustrates lensed faint
systems with ρintr < 8 with the I− image magnified
above the threshold. In other words, both images will
be registered by DECIGO or B-DECIGO. In the lower
panel differential detection rate is shown for systems of
both ρintr < 8 and ρintr ≥ 8, i.e. for the total cat-
alog of lensed GW events of DECIGO or B-DECIGO.
For the sake of transparency only standard scenario of
DCO formation with “low-end” metallicity evolution is
shown. Detector’s operation period of Tsurv = 4 years
is assumed. From these figures, one infers that the faint
sources can be used to probe higher redshifts, and these
higher redshift sources would thus contaminate the fu-
ture catalog of gravitationally lensed GW events. This
is expected on the ground of general idea of how the
magnification bias works. Since DECIGO’s character-
istic radius r0 is much larger than that of B-DECIGO,
the former configuration is more suitable to probe high
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redshift sources, as shown by Fig. 5.
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Figure 5. The normalized differential yearly detection rates
1
N˙
∂N˙
∂zs
v.s. the source redshift zs. Upper figure corresponds to
ρintr < 8 for the I− image. The lower one corresponds to the I−
image including both ρintr < 8 and ρintr ≥ 8 . Low-end metal-
licity galaxy evolution and standard model of DCO formation are
assumed.
Besides the magnification bias on the lensed GW
events, the magnification bias at the level of the full DCO
inspiral events catalogue can also be obtained. For this
end, one may calculate the detection rate of the intrinsi-
cally faint events whose I+ image is magnified above the
threshold. Table 8 shows the predictions for DECIGO,
and table 9 is for B-DECIGO. One can clearly see the
increase in the detection rates, since y+,max > y−,max.
Comparing these two tables with Tables 2 and 3, one
finds out that the magnification bias at the level of the
full inspiral event catalog is of the order of 10−3 − 10−4
depending on the DCO population. This means that the
cosmological inferences drawn from this catalog would
not be affected very much. One can demonstrate this
effect by plotting together probability density of yearly
detection rate of non-lensed sources and total prediction,
which is shown in Figs. 6 and 7 for DECIGO and B-
DECIGO, respectively. Figure 6 shows that the magni-
fication bias is negligible for all three types of the DCO
sources in the case of DECIGO. For B-DECIGO, the
magnification bias is negligibly small for NS-NS and BH-
NS binaries, while for BH-BH binaries, it is barely no-
ticeable, according to Fig. 7.
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Figure 6. Probability density of DCO inspiral events yearly rate
to be detected by DECIGO during its survey duty cycle Tsurv = 4
years. The solid curves are for the total catalogue of lensed and
non-lensed systems, and the dashed curves are for the non-lensed
ones. In this particular case, the solid and the dashed curves cannot
be distinguished. Note the logarithmic scale used in this figure.
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Figure 7. Probability density of DCO inspiral events yearly rate
to be detected by B-DECIGO during its survey duty cycle Tsurv =
4 years. The solid curves are for the total catalogue of lensed and
non-lensed systems, and the dashed curves are for the non-lensed
ones.
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Table 8
Expected numbers of lensed GW events observed by DECIGO with ρintr < 8 for which the I+ image is magnified above threshold ρ0 = 8.
Other assumptions and terminology – like in Table 6.
Evolutionary scenario standard optimistic CE delayed SN high BH kicks
Tsurv (4yrs;10yrs) (4yrs;10yrs) (4yrs;10yrs) (4yrs;10yrs)
NS-NS
low-end metallicity (17.6;19.4) (96.7;105.5) (17.9;18.3) (17.6;19.5)
high-end metallicity (15.9;17.6) (109.3;119.3) (16.6;18.3) (16.2;17.9)
BH-NS
low-end metallicity (2.2;2.4) (2.9;3.2) (0.9;1.1) (0.3;0.3)
high-end metallicity (2.2;2.4) (3.3;3.6) (1.0;1.1) (0.3;0.3)
BH-BH
low-end metallicity (23.6;26.3) (43.7;48.3) (20.6;20.8) (2.1;2.3)
high-end metallicity (21.5;24.0) (44.6;49.4) (18.7;20.8) (1.8;2.0)
TOTAL
low-end metallicity (43.4;48.1) (143.3;157.0) (39.4;40.2) (20.0;24.8)
high-end metallicity (39.6;43.8) (157.2;172.3) (36.3;40.2) (18.3;20.2)
Table 9
Expected numbers of lensed GW events observed by B-DECIGO with ρintr < 8 for which the I+ image is magnified above threshold
ρ0 = 8. Other assumptions and terminology – like in Table 7.
Evolutionary scenario standard optimistic CE delayed SN high BH kicks
Tsurv (4yrs;10yrs) (4yrs;10yrs) (4yrs;10yrs) (4yrs;10yrs)
NS-NS
low-end metallicity (0.02;0.02) (0.2;0.2) (0.02;0.04) (0.02;0.02)
high-end metallicity (0.04;0.04) (0.2;0.2) (0.04;0.04) (0.04;0.04)
BH-NS
low-end metallicity (0.4;0.4) (0.9;0.9) (0.2;0.1) (0.04;0.04)
high-end metallicity (0.2;0.2) (0.7;0.7) (0.1;0.1) (0.03;0.03)
BH-BH
low-end metallicity (35.1;37.1) (123.4;130.8) (27.3;19.8) (1.7;1.8)
high-end metallicity (24.0;25.4) (102.5;108.6) (18.7;19.8) (1.2;1.2)
TOTAL
low-end metallicity (35.5;37.5) (124.5;131.9) (27.5;19.9) (1.8;1.9)
high-end metallicity (24.2;25.6) (103.4;109.5) (18.8;19.9) (1.3;1.3)
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